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Abstract
Effects of Dissolution-Precipitation Creep on the Crystallographic Preferred 
Orientation of Quartz Within the Purgatory Conglomerate, RI
Eric D. McPherren
Advisor: Yvette Kuiper
 Crystallographic Preferred Orientations (CPO) are common in deformed rocks, and 
usually result from crystal plastic deformation by dislocation creep. Whether deformation 
mechanisms that occur at lower differential stress and lower temperature than dislocation creep, 
such as Dissolution-Precipitation Creep (DPC), may result in the development of a CPO is less 
certain. DPC, a process also known as pressure-solution creep or dissolution creep, has caused 
substantial removal and reprecipitation of quartz within the Purgatory Conglomerate of Rhode 
Island. The conglomerate is exposed within the southeastern region of the Pennsylvanian 
Narragansett basin and experienced folding during the Alleghanian orogeny. Strain within the 
southeastern portion of the Narragansett basin increases from west to east and is associated with 
a metamorphic gradient from very low grade greenschist facies in the west to the lower biotite 
zone in the east. 
 Within the Pugatory Conglomerate DPC has led to the dissolution of quartz along cobble 
surfaces perpendicular to the shortening direction, and to be precipitated as overgrowths at the 
ends of the cobbles (strain shadows), parallel to the maximum extension direction. This offers a 
unique opportunity to study the effects of dissolution and precipitation separately, because the 
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quartz grains within the cobbles experienced dissolution only, while precipitation occurred in the 
strain shadows. Cathodoluminescence (CL) analysis was conducted on regions within the strain 
shadow in order to determine what amount of the quartz was formed authigenically. The results 
suggest that quartz-rich areas of the strain shadow were comprised primarily of authigenic quartz 
and formed channels or wedges. Electron Backscatter Diffraction (EBSD) analysis was used to 
test whether quartz dissolution processes within the cobbles and/or quartz precipitation within 
the strain shadows resulted in CPO development. Quartz grain c-axis orientations of various 
domains within the cobbles and strain shadows indicate that CPO patterns are absent in both 
domains of dissolution and of precipitation irrespective of the degree of strain or metamorphic 
grade. The existence of discrete mica selvages along the cobble margins suggests that quartz 
dissolution only occurred along the cobble surface and did not affect the grains, or result in a 
CPO, within the cobble’s interior. Quartz precipitation within the strain shadows did not result in 
a CPO, probably because the strain shadows are truly localized regions of low strain with little to 
no differential stress, allowing quartz grain growth in random orientations.
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Chapter1: Introduction
1.1 Crystallographic Preferred Orientations in Quartz as Deformational Indicators
 The microstructures and textures developed in naturally deformed rocks, on the grain and 
subgrain scale, yield important information on the history and dynamics of tectonic processes 
(e.g. Twiss, 1977; Wenk, 1985; ). Crystallographic Preferred Orientation (CPO) patterns are a 
very common texture in the crystal fabric of naturally deformed rocks, and are developed when a 
particular deformation mechanism acts on 
the crystals to reorient the grains (Wenk, 
1985). Quartz CPO patterns reflect the 
amount and symmetry of strain 
experienced by the rock. Thus they are 
useful in determining whether the strain 
was coaxial or non-coaxial, and if non-
coaxial, the sense of shear may be 
interpreted from the asymmetry of CPO 
pattern with respect to the foliation plane 
(Fig. 1). CPO patterns in quartz may form 
as a result of several mechanisms; 
recrystallization, nucleated grain growth, 
intracrystalline slip (prismatic and basal), 
mechanical rotation of grains, or 
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Figure 1: Flinn diagram showing quartz C-axes (gray), 
and A-axes (striped). CPO patterns resulting from pure 
flattening, and pure constrictional strain are shown along 
the x- and y-axes, respectively. An inset shows the 
orientation of the principal strain axes. Non-coaxial 
shearing leads to different patterns with increasing 
temperature as shown at the bottom (From Passchier 
and Trouw, 2005) 
diffusional instabilities, or a combination of these (Wenk, 1985). The temperature and pressure 
regimes in which each mechanism may develop a CPO varies. The development of a CPO in 
intermediate to high grade metamorphic quartz rich rocks is most frequently interpreted as being 
an indicator for dislocation creep (crystal plastic deformation)(Wenk, 1985; Knipe, 1989; Bons 
and den Brok, 2000). 
 Recently, it has been suggested that other deformation mechanisms, such as DPC, may be 
responsible for development of a quartz CPO. The purpose of this study was to test whether the 
processes of dissolution and/or precipitation during DPC may result in development of a quartz 
CPO, using the Purgatory Conglomerate of the Pennsylvanian Narragansett Basin in Rhode 
Island as a natural example.
1.2 Deformation Mechanisms
 In general, deformation at the scale of individual crystals may be described as being 
plastic or non-plastic. Plastic deformation can be defined as the internal deformation of a 
crystal’s lattice without brittle fracturing and results in the permanent change in the crystal’s 
shape and includes dislocation creep, dislocation glide, and volume diffusion (Fig. 2). Non-
plastic deformation is the permanent or non-permanent strain of the crystal without internally 
restructuring the crystal lattice. Non-plastic mechanisms such as brittle fracturing and the 
dissolution and precipitation of the crystal lattice at the grain surface can occur at low 
temperatures and pressures or at high differential strains (Passchier and Trouw, 2005). At higher 
pressures and temperatures rocks deform in a ductile manner through a variety of plastic 
2
deformation mechanisms, which lead to the internal deformation of the crystals (intracrystalline 
deformation)(Passchier and Trouw, 2005). 
 Dislocation creep is a deformation mechanism that is facilitated by the progressive 
repositioning of crystallographic defects, namely dislocations and vacancies, through the crystal 
lattice (Passchier and Trouw, 2005). When intracrystalline deformation is accomplished by the 
migration of dislocations alone, the mechanism is called dislocation glide (Passchier and Trouw, 
2005). Volume-diffusion creep occurs when the diffusion of vacancies throughout the volume of 
the crystal leads to the deformation of its lattice (Passchier and Rouw, 2005).
 Dissolution-Precipitation Creep (DPC), otherwise called pressure solution or dissolution 
creep, occurs as differential stresses induce the dissolution of a soluble mineral (such as quartz) 
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Figure 2: Deformation mechanism map of quartz showing the deformation mechanisms active 
within fields defined by certain temperature and differential stress (σD) regimes. Dissolution-
precipitation creep is represented by the region labeled dissolution creep. The curved lines 
represent strain rates, where -15 corresponds to a strain rate of (10-15 s-1). The dashed lines 
indicate the transition from dissolution-precipitation creep to dislocation creep or volume-
diffusion creep at higher temperatures which results in a decrease in pore water concentration 
(From Davis and Reynolds, 1996; after Rutter, 1976). 
at sites of higher pressure (Passchier and Trouw, 2005). The dissolved constituents (solute) are 
subsequently transported or diffused through a solution to be reprecipitated at sites of lower 
pressure (pressure shadows or strain shadows). This movement of material leads to a change in 
the shape of the rock (Fig. 3), and may lead to volume loss if the fluid removes dissolved 
material from the system (Rutter, 1979; Shimizu, 1994). The removal of material by fluids 
between the boundary faces of grains causes a shape change in grains at the grain boundary 
surface (Rutter, 1976). Early experiments on deformation regimes of quartz by Rutter (1976) 
determined that DPC transitioned to dislocation creep at differential stresses above 0.1 Kbar and 
temperatures above 500° C (Fig. 2). More recently it has been determined that both DPC and 
dislocation creep can operate on quartz within the same pressure and temperature regimes 
(Passchier and Trouw, 2005). In general, DPC occurs at lower temperatures but may operate at 
temperatures up to 500° C (Rutter, 1976; den Brok, 1992). Dislocation creep may occur to a 
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Figure 3: Diagram of dissolution-precipitation creep mechanism, where material dissolves at areas of 
higher stress σ1 and is diffused or otherwise transported through solution to areas of lower 
concentration and lower pressure, where the material is reprecipitated (From Davis and Reynolds, 
1996). 
minor degree at temperatures as low as about 300° C (and high differential stress). At these 
temperature/pressure regimes dislocation creep manifests in the form of movement along basal 
<a> planes, leading to the development of undulose extinction (Passchier and Trouw, 2005). 
Therefore at lower temperatures DPC mechanisms may cause a greater degree of deformation 
than plastic deformation mechanisms. 
 There are many indicators for the process of dislocation creep in quartz (including 
undulose extinction, recrystallised grains, subgrains, and the presence of a CPO), but the 
development of a CPO requires a higher dislocation creep strain. This means that a CPO could 
develop under a mechanism other than dislocation creep (such as DPC) while also displaying 
signs of dislocation creep. Therefore it is important to address the extent to which differing 
deformation mechanisms operate within various pressure and temperature regimes. 
Intracrystalline slip systems, due to dislocation glide along the prismatic <c> planes or basal <a> 
planes as well as twinning, are activated by imposed stresses and lead to a change in shape of the 
external form of the grains (Wenk, 1985). In quartz, twinning plays only a minor role compared 
to dislocation creep (Wenk, 1985). The new shape of the grain within the grain aggregate 
changes the grain’s interaction with its neighbors and may lead to a rotation of the grain and thus 
a reorientation of the crystal’s lattice with respect to the instantaneous shortening axes (Wenk, 
1985; Passchier and Trouw, 2005). In this way crystallographically dependent mechanisms can 
lead to the development of a CPO. Computer modeling by Lister and Hobbs (1980) and 
experimentally deformed quartz aggregates produced by Tullis et al. (1973) suggest that CPO 
pattern elements emerge after around 30% overall shortening. Shortening may be achieved under 
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the shortening components of any type of coaxial deformation such as axially symmetric 
shortening, the shortening component of plane strain, or by the constrictive shortening during 
axially symmetric extension (Lister and Hobbs, 1980). In the case of simple shear, numerical 
modeling studies by Bons and den Brok (2005) suggest that moderate shear (γ=1-3) is required 
to produce a CPO. Since only a minor degree of basal glide occurs at temperatures below 500° C 
the development of a CPO by plastic deformation is unlikely at temperatures lower than 500° C. 
 In the case of DPC within clast supported conglomerates, a strong clast takes on the bulk 
of the stress leaving the spaces on the sides of the clast as locations of lower pressure, and thus 
lower strain. For this reason, strain shadows tend to be a locus for the precipitation of minerals 
such as quartz and calcite(Davis and Reynolds, 1996). 
1.3 CPOs as an Indicator for Plastic Deformation
 While the presence of a CPO is commonly accepted as an indicator for plastic 
deformation in quartz-rich rocks there is some evidence that non-plastic mechanisms may be 
responsible for developing a CPO. CPOs are not uncommon in low-grade sedimentary rocks, and 
are commonly associated with mechanical rather than plastic mechanisms (Ingerson and 
Ramisch, 1942; Sander, 1970; Stallard and Shelley, 1995). Clastic quartz grains may naturally 
become elongate parallel to the c-axis as the crystal breaks most easily along its rhombohedral 
faces (Bloss and Gibbs, 1963). During sedimentation and compaction of these elongate grains a 
CPO forms parallel to, or at ~35° relative to the bedding plane (Ingerson and Ramisch, 1942; 
Sander, 1970). Natural examples show that CPO patterns may develop under greenschist facies 
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conditions (Hippertt, 1994; Stallard and Shelley, 1995; Takeshita and , 1998). The authors of 
these studies concluded that a non-plastic deformation mechanism called Dissolution-
Precipitation Creep (DPC) was alone able to form a CPO, without the requirement of dislocation 
creep.
 A textural lack of a CPO is a characteristic which has generally been associated with DPC 
(Knipe, 1989). More recent investigations on whether the process of DPC may be responsible for 
the development of a CPO have shown mixed results. A textural lack of a CPO is a characteristic 
that has generally been associated with DPC (Knipe, 1989). Hippertt, 1994; Stallard and Shelley, 
1995; Davis and Reynolds, 1995 and Takeshita and Hara, 1998 concluded that the process of 
DPC had lead to the development of CPOs within quartz-rich rocks, and resulted from the 
anisotropic dissolution rates of quartz. Quartz has one C-axis along which dissolution and growth 
rates are higher than along its three other a-axes (all perpendicular to the C-axis) (Tullis, 1989). 
In theory this crystallographic anisotropy leads to an inequality of dissolution rates between 
crystals depending on their orientations with respect to the direction of the instantaneous stress 
vectors (Tullis, 1989). This orientation-dependent shape change leads the mechanical rotation of 
elongate grains into a crystallographically preferred orientation (Tullis, 1989). Modeling studies 
concluded that a CPO could be developed at high plane strain pure shear (59.5% shortening), 
high uni-axial shortening (59.5% shortening), and moderate simple shear (ϒ=1-3) (Bons and den 
Brok, 2000). 
 It is important to determine whether DPC alone may be responsible for a CPO, as CPO 
patterns are commonly, and perhaps erroneously, interpreted as an indicator for dislocation creep. 
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Demonstrating the presence of a CPO within a rock that has been deformed by DPC is not 
sufficient to prove that DPC lead to its development, as other deformation mechanisms may have 
played a role. In order to conclude that a particular CPO was developed by DPC alone it must be 
shown that DPC was the sole mechanism to deform the crystals, or at the very least that other 
deformation mechanisms did not act to a sufficient degree to create a CPO. Undulose extinction, 
subgrains, recrystallised grains, and a high free dislocation density are all indicators for the 
process of dislocation creep, but may all develop due to a minor contribution of dislocation creep  
(Bons and den Brok, 2000; Passchier and Trouw, 2005). The presence of a CPO is regarded as 
the only indicator for a significant contribution of dislocation creep, and requires more than a 
minor degree of plastic deformation to develop (Bons and den Brok, 2000). Thus, in order to rule 
out the possibility that dislocation creep caused the development of a CPO, it must ascertained 
that no significant plastic deformation took place. If no signs of major subgrain rotation, or 
recrystallization can be found then it might be reasonable to conclude that the amount of crystal 
plastic deformation was insufficient to produce a CPO. In this study, a natural example is 
investigated to provide insights into CPO development by DPC. 
1.4 This Study
 The Purgatory Conglomerate of the Narragansett Basin in Southern Rhode Island has 
undergone very low greenschist facies to biotite zone metamorphism and significant DPC related 
deformation and volume reduction (Mosher, 1978, 1981, 1983, 1987). Relatively large strain 
shadows exist on the cobbles (Fig. 4), with lengths ranging from just a few millimeters to 30 
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centimeters, providing an opportunity to investigate the presence or absence of a CPO within the 
strain shadows where precipitation occurred. A large amount of material was also dissolved from 
the cobbles allowing for the investigation of the presence or absence of a CPO within a quartz-
rich fabric that may have been deformed purely by dissolution. The Purgatory Conglomerate 
displays a regional strain gradient, from low strain in the west to higher strain in the east, 
allowing for the study of samples with varying degrees of strain. 
 This study seeks to investigate the following key questions in order to investigate 
whether the processes of dissolution and/or precipitation during DPC may result in the 
development of a quartz CPO: 1) Do strain shadows and/or cobbles display any CPO patterns?; 
(2) If so, are these CPO patterns a result of quartz precipitation (in the case of strain shadows) or 
dissolution (in the case of cobbles) and can other deformation mechanisms be ruled out for 
development of a CPO?
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Figure 4: Two pictures showing the Purgatory Conglomerate. Strain shadow overgrowths can be 
seen on many of the cobbles (two circled in red). Both of these pictures were taken at High Hill point 
(site 3, Figure 8).
1.5 Geological History
The Narragansett Basin is a Pennsylvanian pull-apart basin located in SE Massachusetts 
and Eastern Rhode Island (Fig. 5). Portions of the Avalonian terrane, in which the basin was 
formed, can be found in New England, Newfoundland, Ireland, Wales, England, Belgium, and 
the Netherlands (Cocks et al., 1997). In the Early Ordovician the Avalonian arc separated from 
Gondwana and began drifting across the subducting Iapetus ocean towards Baltica (Northern 
Europe)(Hibbard, 2007). By the Middle Ordivician Avalon had docked with Baltica and formed a 
peninsula extending several thousand kilometers to the southeast of Baltica (Torsvik and 
Rehnström, 2003). During the Acadian orogeny in the Early Devonian (~400 Ma) the Avalonian 
arc collided along Laurentia’s northeastern margin (Proto-North America), as far south as 
Connecticut, while Baltica collided further north with Greenland (Cocks and Torsvik, 2006; 
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Figure 5: Simplified geological map of New England. Shown are major terranes and basins: 
Pennsylvanian Narragansett Basin (NB), Hartford Basin (HB), Rowe-Hawley terrane (R-H), Putnam-
Nashoba terrane (P-N), and Bronson Hill magmatic arc (BH) (Rich, 2006). The northern and southern 
grabens of the Narragansett Basin are shown with arrows indicating sinistral pull-apart motion.
Hibbard, 2007). During the Pennsylvanian, sinistral movements between the Avalonian 
microcontinent and the European-North American plate led to the formation of the Norfolk Basin 
and the larger Narragansett basin complex (Mosher, 1983) (Fig. 6). During this time, as the 
basins continued to open, clastic sediments began filling in these basins, forming the shales, 
sandstones, and conglomerates of the Narragansett Bay Group (Mosher, 1983). In southeastern 
Rhode Island, these units are the arenites to litharenites, sandstones, and matrix-supported pebble 
conglomerates of the Rhode Island Formation, the Sachuset Arkose, and the Purgatory 
Conglomerate (Mosher, 1983). Basin formation was halted with the onset of the Alleghanian 
orogeny around 300 million years ago when the now merged Avalonian microcontinent and the 
Laurentia and Baltica continents collided with Gondwana to form the Pangean supercontinent 
(Hibbard, 2007 and Mosher, 1983). 
The Narragansett basin complex can be divided into two separate grabens forming basins 
of different ages (Fig. 5). Plant fossils within both basins show that the southern basin is younger 
(~305 ma) than the northern basin (~320 ma) (Mosher, 1983). The sediments of both the northern 
and southern basins are clastic in origin and include non-marine interbedded sandstones, 
conglomerates, shales and coal beds (Mosher, 1978, 1983). 
The Purgatory Conglomerate is found within the southern graben of the Narragansett 
Basin (Fig. 5 and 6), and is up to several hundred feet in thickness (Mosher, 1978, 1983). After 
the formation of the basins and perhaps as early as the deposition of their associated sediments, 
the collision of Gondwana with Laurentia during the Alleghanian Orogeny ended basin 
formation and produced westward shortening (Mosher, 1983; Hibbard, 2007). During this time 
11
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Figure 6: Geologic map of the Narragansett Basin complex showing general lithologies within the 
basin complex. Barrovian style metamorphism, and its associated metamorphic grades are 
separated by dashed lines, chlorite (c), biotite (b), garnet (g), and staurolite (s). Metatmorphic 
isograds were offset by late dextral movement along the Beaverhead Shear Zone. (Adapted from 
Mosher, 1983 and Hermes et al., 1994)
(Carboniferous and Permian), the Purgatory Conglomerate was subjected to four generations of 
deformation and two generations of metamorphism (Mosher 1981, 1983; Reck and Mosher, 
1988) (Fig. 7). The first two generations of deformation are associated with the closure of the 
basin complex during the collision of Africa and North America during the Alleghanian Orogeny 
(Mosher, 1983). 
The first generation of deformation (D1) is associated with west-verging folding and 
thrusting due to compressional stresses (Fig. 8 cross-section). The stresses leading to this first 
generation of folding (D1) have been interpreted as the stresses that also induced the period of 
DPC deformation in the conglomerate (Mosher, 1978, 1981, 1983). These conclusions were 
based upon folding and foliation overprinting relationships and are discussed further in section 
1.6. M1 metamorphism appears as a Barrovian progression in the SE basin from chlorite zone 
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Figure 7: Plot indicating the timing of various events in the Narragansett Basin, including tectonism, 
igneous activity, metamorphism, deformation and deposition. When necessary, NNB is used to denote 
activities pertaining to the Northern Narragansett Basin graben, and SNB to the Southern Narragansett 
Basin graben. The Purgatory Conglomerate is located within the southern graben. (Mosher et al., 
1991)
west of Newport to the biotite zone in the east near High Hill point (Figs. 6. 8). The same 
metamorphic event lead to garnet zone and staurolite zone metamorphism west of the Beaver 
Head shear zone (Fig. 6)(Mosher, 1983; Skehan et al., 1979)(Fig. 6). The later generations of 
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Figure 8: Major geological units and structural characteristics of the southeastern part of the 
Narragansett Basin where the Purgatory Conglomerate predominantly outcrops. Numbers indicate: 
site 1: Purgatory chasm, site 2: Black point, and site 3: High Hill point. A cross sectional profile from 
A to B shows gentle folding in the west transitioning with higher strain into tight and ocassionally 
overturned folds in the east. Sites are shown schematically in cross section. Progression from site 1 
to site 2 to site 3, represents an increase in regional strain, metamorphic grade, and effects of DPC. 
Site CHI in reference to site interpreted by Mosher (1987) as undeformed. (Adapted from Mosher, 
1978). Larger version included in back pocket.
Newport
High Hill Point
Site CHI
deformation consisted of refolding (D2) with similar style and orientation as those of D1 and 
shearing accompanied by associated faulting (D3, and D4 respectively)(Mosher, 1983). D3 and D4 
are associated with NE-trending sinistral R’ (Riedel) shears, and NE to ENE-trending dextral 
shears, related to the Beaver Head shear zone to the west of Newport, respectively (Mosher, 
1983). A retrograde metamorphic (M2) event occurred after D3 but before or during D4 (Mosher, 
1981). Most of the strain shadows that formed during D1 were unaffected by these later 
deformational and metamorphic events (Mosher, 1981, 1983, 1987, 1978). This study focused on 
the three sites indicated in Fig. 8, in the southeastern portion of the Narragansett Basin, where 
the conglomerate remained unaffected by D3 and D4 since the effects of these deformational 
events developed west of Newport along the Beaverhead Shear Zone. The regional metamorphic 
gradient progresses from chlorite zone at site 1 to biotite zone at site 3. Under these metamorphic 
and deformational conditions it is expected that DPC would have been the primary process 
affecting the quartz within the conglomerate at sites 1, 2, and 3. Thus, the three sites were 
selected because they provide a unique opportunity to study DPC processes under various 
degrees of strain and metamorphism, while avoiding the effects of later shear zone-related 
deformation that occurred further to the west.
1.6 Conglomerate Characteristics
 The Purgatory Conglomerate is a polymictic, clast-supported meta-conglomerate, with 
cobbles that vary in shape from prolate (cigar shaped) to oblate (pancake shaped). The majority 
of the clasts vary in length from 1mm to 0.5 m, and those of cobble size or larger (>64 mm) are 
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comprised of impure quartzite (56%), pure quartzite (33%), granite (7%), and litharenite (4%) 
(Mosher 1981). The strain shadows are most prevalent on the pure quartzite clasts. The clasts 
vary in shape, especially in the less deformed regions in the west near Newport (Fig. 8). This 
variation of cobble shapes is considered to represent the original variation in cobble shapes 
contained within the conglomerate (Mosher, 1987). Within the higher strained regions of the 
Narragansett Basin (towards the eastern boundary), the cobbles appear more flattened, and it has 
been suggested that this oblate shape is due to the effects of DPC related volume loss (Mosher, 
1987).
 The deformation (D1) resulted in up to 53% volume loss within the biotite grade outcrops 
of the conglomerate of the basin’s easternmost margin (Mosher, 1983). Mosher (1978) and 
Czeck et al. (2003) observed that cobbles within conglomerates tend to rotate during progressive 
deformation so that their long, short, and intermediate axes are parallel to those of the local finite 
strain ellipsoid. In the case of the Purgatory Conglomerate the long axes of the cobbles were 
rotated during folding (D1) towards the axis of elongation (parallel with the regional fold axis), 
which is sub-horizontal and trends around 010° (Fig. 8) (Mosher, 1978, 1981, 1983, 1987). As 
the beds folded the cobbles rotated such that their long and intermediate axes (x-y plane) were 
aligned with the axial plane, leading to the most significant rotation of cobbles in the fold hinges 
(Mosher, 1987) (Fig. 9). The degree of rotation of cobbles from site to site is discussed in further 
detail in section 4.4.
 The matrix is, generally, composed mostly of quartz grains, lithic clasts, and feldspar. 
Concentrations of micas and other insoluble minerals have accumulated along the surfaces of 
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many cobbles as the quartz at the cobble’s surface is dissolved leaving the insoluble minerals 
behind. These form µm-scale layers called selvages (Mosher, 1981). The quartz grains within the 
strain shadows sometimes appear elongate when situated between layers rich in micas and 
chlorites that display a strong foliation perpendicular to the shortening direction. In regions of 
the strain shadows where micas and chlorites are more sparse, quartz aggregates appear 
equigranular and non-fibrous. 
 The forces that caused the first folding event (D1) were also the cause for the DPC 
deformation within the conglomerate (Mosher, 1978, 1981, 1983). Kinking and shearing within 
the selvages indicate movement between cobbles, which was interpreted by Mosher (1981) as an 
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Figure 9: The folded beds of the conglomerate contain cobbles that have long axes (X) that tend to 
trend towards 010°, parallel with the fold hinge line. Cobbles within the fold limb tend to be oriented 
with their X-Y planes parallel to the bedding surface, while within the fold hinge region, their X-Y planes 
are parallel to the fold axial plane. The cobbles rotate and reorient during folding such that their 
dimensions closely approximate the local finite strain ellipse. (Figure adapted from Rich, 2006)
indicator for inter-cobble rotation due to folding. Since this indicator for inter-cobble rotation 
was recorded in the selvage, which was created during the dissolution of the cobble, folding must 
have occurred during or after DPC affected the cobbles. Furthermore, crenulations observed in 
the margins of the strain shadows also indicate that stresses associated with inter-cobble rotation 
acted during or after the phase of DPC deformation (Mosher, 1981). Mosher (1981) also 
observed that undulose extinction was present in the cores of the strain shadows, but not within 
the margins, suggesting that DPC related strain shadow growth outlasted clast rotation and 
internal deformation within the strain shadows. Thus the stresses the led to the folding and 
subsequent cobble rotation within the conglomerate also led to the DPC event that deformed the 
cobbles.
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Chapter 2: Methods
2.1 Field Methods
 Deformation of the Purgatory Conglomerate has been studied in detail previously by 
Mosher (1978, 1980, 1981, 1983, 1987). Mosher’s preliminary work included mapping the 
geological units, the regional structures and the metamorphic grades as well as detailing the 
cobbles and their strain shadows (Mosher, 1981). She further characterized DPC related features 
such as selvages, cobble indentations, and mineral counts from the cobble cores to their margins 
(Mosher, 1981). Mosher estimated volume loss based on 7 locations across the strain gradient 
and concluded that the cobble’s Z-axes were shortened by up to 42% (Mosher, 1987). In order to 
deduce the real strain of the cobbles, Mosher assumed that rocks from one outcrop of the 
Purgatory Conglomerate near Newport (CHI; Fig. 8) were undeformed and thus represented the 
original shapes and orientations of the cobbles (Mosher, 1987). For this study, reconnaissance 
mapping was carried out over an area of 32.5 square kilometers on a scale of 1:20,000 in order to 
produce a detailed structural map of the southeastern Narragansett basin.
 Establishing a strain gradient of DPC related volume loss is crucial to this study. 
Therefore change in cobble shapes were established through measuring cobble dimensions at 
sites 1, 2, and 3. Measurement of an individual cobble’s three axes (long (X), intermediate (Y) 
and short (Z)), are used to characterize the shape of that cobble. An estimation of cobble volume 
change was established using the average cobble dimensions from each site to calculate an 
average volume for each site. Since the cobbles are not rectangular, these calculations are an over 
estimation, but are useful for calculating the change in average cobble volume between sites. As 
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the conglomerate may have exhibited a variance in cobble size, shape, and composition from 
west to east when it was originally deposited it is difficult to assume the original state of the 
cobbles. However, making no such assumptions about the original states of the cobbles is just as 
problematic when trying to estimate volume loss and cobble shape change. In this study the 
original shapes of the cobbles were not assumed, instead the change in the shapes, orientations, 
and average cobble volumes was characterized in order to approximate the strain gradient can be 
obtained from low regional strain in the west at site 1, to intermediate regional strain at site 2, to 
higher regional strain in the east at site 3 (Fig. 8). Samples from these sites were also used to 
investigate CPO textures.  
2.2 Electron Back Scatter Diffraction
 One of the goals of this study is to investigate the development of CPO textures of quartz 
grains that experienced partial dissolution during DPC and of those that precipitated in the strain 
shadows during DPC. A Universal stage (U-stage) was used in order to make a preliminary 
investigation of 200 quartz c-axes orientations in one strain shadow. All other quartz c-axos 
analyses were carried out by Electron Backscatter Diffraction (EBSD) methods. By using 
Electron Backscatter Diffraction (EBSD) techniques on selected regions of quartz grains, quartz 
c-axis patterns are revealed. More highly strained portions of the cobbles likely exist along the 
flat, indented surfaces of the cobbles or surfaces perpendicular to shortening. These highly 
strained areas are sites of dissolution and can be compared with the interior of the cobble, which 
may have experienced lower strain, and with the strain shadows where precipitation occurred. 
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 Electron Backscatter Patterns (EBSP) have been observed in studies including focussed 
electron beams since the early 1930s (Von Meibom and Rupp, 1933; Heidelbach, 2000). 
However, the use of EBSP in the Scanning Electron Microscope (SEM) for determining crystal 
orientation only emerged in the early 1980’s (Dingley, 1984). EBSP are the Backscatter 
equivalent of the classical Kikuchi patterns, which are essentially scattered electron interference 
patterns created as electrons pass through a thin lattice of material. EBSP are the result of 
electrons that penetrate into the first few microns of a sample’s surface and scatter back out of 
the sample. These back-scattered electrons are incident upon a phosphor screen and the patterns 
are imaged by a digital camera. Thus EBSP are unique to the material they interact with because 
of the material’s unique crystal lattice. When high energy electrons are incident upon a material’s 
surface, several types of interactions are possible. In the case of back-scattered electrons, elastic 
scattering changes the angle of the electron’s path by between 0° and 180° (Prior et al., 1999). 
Two dynamics affect the electron: 1) coulombic interaction of the passing electron with the 
nucleus (Rutherford scattering) and 2) interaction with any of the inter-nucleic electron clouds 
(Prior et al., 1999). Electrons that pass close to the nucleus will be diffracted (deflected) through 
a larger angle than those passing further away from the nucleus (Fig. 10a) (Prior et al., 1999). 
The beam of electrons is set to be larger than the atomic spacing (0.1 - 0.3 nm) so that the 
electrons may trace every possible path. In a two dimensional sample, only four trajectories 
satisfy the Bragg condition for the diffraction of each lattice plane:
nλ = 2d sinθ
21
where θ is the diffraction angle, n is an integer (order of diffraction), λ is the wavelength of the 
electron beam (corresponding to the acceleration voltage), and d is the lattice spacing. In a three 
dimensional sample, trajectories that satisfy the Bragg condition form two mirrored cones 
emanating from the diffraction site, which correspond to two cones of diffracted electrons (Fig. 
10b) (Prior et al., 1999). Each crystal lattice plane generates two scatter cones, one fore-scattered 
and one back-scattered (Prior et al., 1999). The typical diffraction angle for EBSD is relatively 
small (~ 0.5°), so that the low angled cones closely approximate the lattice planes, and the bands 
incident on the phosphor screen appear nearly straight (Fig. 11b) (Prior et al., 1999). The width 
of the bands is inversely proportional to the lattice plane spacing and can be used together with 
the angle between intersecting bands to categorize the diffraction pattern under a known crystal 
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Figure 10: A) Illustration showing curving trajectories of elastically scattered electrons interacting with 
a single nucleus, where W represents the width of the electron beam. B) Schematic of a pair of three 
dimensional conical electron scatter paths after the electrons interact with the material (first order 
paths). C) A cross-sectional diagram of a sample containing two lattice planes (L1 and L2). Back-
scattered electrons escape the sample along rays L1A and L1B associated with lattice plane L1, and 
the more intense diffracted rays L2A and L2B are associated with lattice plane L2. (Adapted from Prior 
et al., 1999)
A B C
lattice thereby determining the crystal’s composition and orientation (Fig. 11c) (Heidelbach et 
al., 2000). 
 In this study, automated acquisition and analysis of EBSP were carried out at Bowdoin 
College, ME in the SEM and Mineralogy Lab with the supervision of Professor Rachel Beane. 
The laboratory’s Nordlys II EBSD detector is coupled with a Leo 1450VP SEM and utilizes 
Channel 5 software to perform microstructural characterization. In preparing thin section 
samples to be used in the SEM, the standard polished thin sections were first glued to brass semi-
cylinders to weigh them down for polishing. These samples were then placed into a non-
crystallizing colloidal silica suspension on a Buehler Vibromet 2 vibratory polisher for 3 hours. 
Thin sections are commonly carbon coated to prevent charging within the SEM. However, 
carbon coating is not necessary for the Nordlys II system since it minimizes charging by using a 
chamber pressure of 10-15 Pa. The sample was placed on a motorized stage and tilted 70° from 
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Figure 11: A) Typical hardware setup inside of an SEM chamber when acquiring EBSP. Specimen 
inclination is usually fixed, so that orientation corrections, calibrations, and alignment do not need to be 
reset from a change in detector distance (DD), or pattern center (PC). B) Section of a single-order set of 
diffraction cones projected onto a phosphor screen. Diffraction through only one lattice plane is shown. C) 
An example of an EBSP of quartz (background subtracted). The prominent bright spot(z) is the zone axis, 
and indicates the orientation of the c-axis. (Adapted from Prior et al., 1999)
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the electron beam and with the phosphor screen placed at a detector distance of 25 mm from the 
sample. The accelerating voltage of the beam was set to 20 KV, and the probe current set to 2.2 
nA. Calibrations were made such that the mean angular deviations between the detected Kikuchi 
bands and the known patterns were less than 1.3° (commonly less that 0.8°). 
2.3 EBSD Sample Acquisition
 Five quartzite cobbles and their strain shadows were selected from the three sites of 
interest (Fig. 8), one from site 1 (sample 1-1), two from site 2 (4-2 and 4-3), and two from site 3 
(2-3 and 3-3)(See Appendix A for thin section photographs). Thin sections were cut from 
multiple locations and orientations within the cobbles and their strain shadows. Within the cobble 
sections both the interiors and the margins of the cobbles were included by cutting parallel to the 
short and long axes (Fig. 12). Cobble thin sections were thus taken to investigate the internal 
fabric of the cobbles and to reveal any possible changes or development of a CPO within the 
cobble due to dissolution at the cobble’s strained margins. Strain shadow thin sections were 
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Figure 12: Picture of a cobble cut along itʼs X-Z plane, exposing the interior. The cobble core and rim, 
along with the inner and outer strain shadow are indicated. A discoloration can be seen along the margin 
of the cobble (blue dotted line shows extent of discoloration), and marks an increase in secondary 
minerals towards the surface (Refer to Fig. 30 for thin section). This is cobble 3-3 from site 3 (Fig. 8) and 
corresponds to the plots and thin sections in Figure 24. The dotted white boxes indicate the approximate 
location of a strain shadow thin section on the left and a cobble thin section on the right.
taken to investigate both the strain shadow’s outer and inner sections, but also included a portion 
of the cobble’s long axis termination (Fig. 12). Thin sections were cut from the strain shadows, 
in order to investigate possible CPO patterns and were cut in alignment with the long and short 
axes of the attached cobble (X-Z sections). Strain shadow sections were used to investigate 
possible CPO development by precipitation of quartz. 
 For each cobble, quartz c-axis data was collected from the cores and margins within the 
cobbles and from the inner and outer regions of the cobble’s associated strain shadow (Fig. 13). 
Quartz c-axis data was obtained as a collection of sampling points spaced into a grid (See 
Appendix A for grid locations and sizes). A total of 58 grids were sampled from 9 thin sections 
with an average of 781 points per grid. Grain orientation data was collected within these sample 
grids. Using the Channel 5 control software, EBSP patterns are compared to a standard pattern 
for quartz. Sampled points that were not quartz, or did not match the standard to within 1.3° were 
not catalogued. Depending on the relative abundance of quartz and the presence of defects, the 
percentage of indexed points varied from between 60% and 90%. The distance between sampling 
points within the grids (step size) was set larger than the average grain size of the sample, 
preventing the indexing of the same grain multiple times (i.e. average grain size: 40 µm, step 
size: 100 µm). Ideally a CPO would be represented similarly throughout a large portion of the 
fabric. However, it is conceivable that a CPO might change from one point to the next within a 
sample, so the area size that a grid samples from is important. Thus several grid sizes and shapes 
were employed in order to prevent a possible overlapping of CPOs. Sampled grid sizes ranged 
from 1 mm2 to 4.5 mm2 and each included the orientations of between 150 and 1,400 quartz 
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Figure 13: A) An image of half of a thin section under plane polarized light containing the strain shadow 
of a cobble. B) SEM image of the portion of the thin section shown in 13a by a blue box. C) Same SEM 
section as in 13b along with colored grid overlay. Each colored square represents the orientation of the 
quartz grain at the center of the square, where the color corresponds to a particular orientation angle with 
respect to the samples surface. Grains with similar colors have similar angles with respect to the sample 
surface. Squares without colors represent crystals that were not indexed, either because they did not 
match quartz patterns, or because the mean angular deviation was more than 1.3° and was not indexed 
to prevent inaccuracies. D) A sample c-axis Figure indicating the collection of quartz c-axis orientations 
within the section sampled in 13c. Densities of data points are calculated within 4° and higher densities of 
data points are represented by more intense colors (red). 
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grains. Some adjacent grids were analyzed separately and were then stitched together into a 
single data set in order to obtain a higher resolution of the data. These regions were stitched to 
represent regions along the cobble boundaries (Appendix A: 1-1D grids J+K; 4-2D grids A+E), a 
certain depth inward from the cobble boundary (Appendix A: 4-2D grids F+B, G+C, and H+D), 
and along a line perpendicular to the cobble boundary (Appendix A: 1-1D grids A+B+C, D+E+F, 
and G+H+I; 2-3D grids A+B+C and D+E+F). 
2.4 Cathodoluminescence as a Method to Distinguish Authigenic Quartz
 Cathodoluminescence (CL) is a technique that utilizes a beam of electrons, similar to that 
used in EBSD, incident on a polished thin section within a vacuum chamber. The material of the 
sample luminesces, resulting from the transfer of electrons from excited electron states induced 
by the electron beam to a lower energy state, and is detected by an optical or electron microscope 
(Gotze and Kempe, 2008; Götte and Richter, 2006). The varying intensities and color of the 
luminescing material produces an image that provides clues into the microstructures and the 
chemistry of the material of interest (Götte and Richter, 2006). The electron gun of a CL device 
may be operated as a “cold cathode”, accelerating electrons from an ionized gas, or as a “hot 
cathode”, where electrons are emitted from a hot filament (Götte and Richter, 2006; Gotze and 
Kempe, 2008). Hot CL, provides a greater CL intensity and thus is more suitable for weakly 
luminescing minerals such as quartz. 
 Recently, CL techniques have been used to determine the provenance of individual quartz 
crystals in rocks, such as mature arenites (Götte and Richter, 2006; Bernet and Basset 2005). 
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Using luminescent color and internal morphologies of grains (rims, inclusions, fractures, etc), 
CL can be used to accurately distinguish authigenic quartz (those that formed in place usually 
from solution) from detrital quartz (those that were sourced from elsewhere). For this study CL 
techniques were used to distinguish which grains of the strain shadows were authigenic and 
which were detrital. The purpose of this was to find regions that were relatively abundant in 
authigenic quartz so that EBSD analysis could capture the best representation of a precipitation 
fabric. 
 Using Hot CL, authigenic quartz has been found to exhibit short lived green to blue 
luminescence, shifting to a brown color within a minute (Götte and Richter, 2006). A decrease in 
the blue emission spectrum and an increase in the red emission spectrum is frequently observed 
in quartz of different origins and is thought to occur because the electron beam damages the 
luminescent centers in the crystal lattice and can occur within as little as a few seconds to as long 
as a few minutes (Götte and Richter, 2006). Low-grade metamorphic quartz has a dark to 
medium luminescence and shows blue to violet initial colors (Götte and Richter, 2006). As the 
conglomerate has reached chlorite and biotite zone metamorphism, both the authigenic and 
detrital quartz were expected to potentially have low-grade metamorphic CL characteristics. 
However, it is commonly found in CL studies that low-grade metamorphic quartz shows traces of 
original CL features and acts as an incomplete shift in the CL colors towards dark blue/violet, 
thus still allowing for grains of different origins to be distinguished (Götte and Richter, 2006). 
Fluid inclusions and overgrowth banding are also expected to help characterize which grains are 
authigenic. Overgrowth banding is the oscillatory zoning of cyclic alterations in the chemical 
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compositions of discrete growth shells and is quite common in hydrothermal and authigenic 
quartz (Shore and Fowler, 1996). Not only does this banding indicate what portion may have 
grown over a detrital core, but the zones can indicate the changes in the growth environment 
(Haddad et. al, 2006).
 The Hot CL analysis for this study was carried out on 7 polished thin sections at the 
Smith Fluid Inclusion Laboratory at the University of Toronto under the supervision of Dr. Colin 
Bray and Ed Spooner. Sample thin sections were polished and coated with carbon in order to 
prevent charging. An electron beam acceleration current of 0.36 mA was used on all of the 
samples and digital images of the luminescing grains of the thin section were taken using a 
mounted camera. Most of these were imaged using a 2 second period. Periods of 7 seconds were 
used to capture brighter images.
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Chapter 3: Results
3.1 Field and Cobble Results
 Detailed structural mapping was conducted in the southeastern portion of the 
Narragansett basin in order to test the existence of the strain gradient from west to east as well as 
for estimating the rotation of cobbles at sites 1 through 3 (Fig. 8)(Mosher, 1978; Hermes et al., 
1994). Bedding and foliation measurements were particularly difficult to ascertain from the 
conglomerate itself, thus sandstone layers and sandstone lenses within the conglomerate as well 
as adjoining rock units were used to obtain bedding and foliation orientations in some instances. 
The results led to a map consistent with previously mapped units and structures of the 
southeastern basin as described by Mosher (1978), but are herein adapted with new data (Fig. 8).
 The signs of DPC are prominent within the Purgatory Conglomerate. The most notable 
are the quartz overgrowths (strain shadows) (Figs. 4 and 12) present on nearly every cobble. The 
strain shadows range in length from a few millimeters to  5 centimeters. Cobbles that are more 
quartz rich have a larger strain shadows with a higher percentage of quartz. Where the matrix of 
the rock is particularly coarse, or contains small pebbles, the strain shadows commonly include 
some of the matrix material. 
 The strain shadows are commonly composed of non-elongate quartz adjacent to their 
parent cobble with an increasing amount of matrix minerals (chlorite, micas, and magnetite) 
away from the cobble (Fig. 14). With the increasing amount of chlorites and micas away from 
the cobble, these minerals commonly form layers or wedges separate of more quartz-rich 
regions. Quartz-rich layers, especially those bounded by mica-rich layers, exhibit elongate quartz 
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grains (Fig. 15). At the macro-scale the strain shadows appear to be quartz-rich and fibrous, 
appearing as if the matrix and strain shadow are flowing between and around the cobbles. In thin 
section the quartz in the strain shadows does not commonly appear elongate. The few grains that 
are elongate, on average, have an aspect ratio of 3:1 and show a strong shape preferred alignment 
to the direction of elongation (similar to the platy minerals) (Fig. 15). 
 The metamorphic grade of the cobbles varies from very low greenschist facies at site 1 to 
the biotite zone at site 3. Many cobbles show metamorphic and secondary minerals (such as 
chlorite, biotite, and sericite) within the fabrics of the cobbles. These metamorphic minerals are 
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Figure 14: Strain shadow from sample 3-3, from site 3 (Fig. 8). Interlayering of well foliated and 
aligned micas give the strain shadow a fibrous appearance. A section of the long axis termination (the 
end) of the cobble can be seen by a coarser fabric on the left. The quartz fabric of the strain shadow 
is not fibrous, but elongate quartz can be seen in the fabric at the end of the strain shadow (right). An 
image of the elongate grains can be seen in Figure 15 (position marked by yellow box). 
also present within the strain shadows. 
While the cobbles at all sites have 
undergone shape change due to DPC 
related deformation, the internal quartz 
fabrics of the cobbles remain unstrained 
within their boundaries. There is no 
apparent change in grain size from the 
cobble margins to the cobble cores, and 
no signs of the flattening of grains.
 The fabrics within the cobbles 
are most likely a result of their pre-
depositional history. Some cobbles 
exhibit equigranular fabrics (1-1D, 4-2D, 
4-3D; Appendix A), while others contained quartz crystals of varying sizes (2-3D, 4-3, 3-3D; 
Appendix A). In samples with more varied grain sizes, such as with 3-3D from site 3, 60% of the 
aggregate is made up of smaller grains (~40 µm), and 40% between 40 µm and 500 µm (Fig. 16). 
Sections of some of the larger grains were indexed multiple times. This led to data sets with 
clusters of similar orientations (spread caused by subgrains). In all cobble interiors and within 
the strain shadows there seems to be a mixture of strained and unstrained quartz (Fig. 16). 
 The cobbles commonly mutually indent each other (Fig. 17) as a result of dissolution.  
One cobble may indent the another, or cobbles may mutually flatten against one another. 
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Figure 15: Close up of the end of the strain shadow 
shown by the yellow box in Figure 14. Many of the grains 
display elongate shapes. The grains also display a 
strong shape preferred orientation with their long axes 
aligned in the direction of stretching (aligned with the 
regional fold axis). These elongate grain layers are 
frequently bounded by layers rich in phyllosilicates.
Indentations and contacts range from planar to embayed. Indentation of cobbles has not been 
seen to deform pre-existing bedding or fabric within cobbles. More specifically, at regions where 
cobbles indent, the quartz grains do not show signs of flattening or volume reduction and the 
texture of the interior of the cobbles is similar to the texture near the contact of the cobbles. In 
fact, aside from a change in the concentration of secondary minerals, the cobble fabrics appear 
similar at all locations within the cobbles.
 Mica selvages that commonly envelope the cobbles are also interpreted as resulting from 
quartz dissolution. This film is thicker on the faces perpendicular to the short axes than along the 
faces perpendicular to the intermediate axes of the cobbles and absent at the long axis 
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Figure 16: Cross polarized light microscopic image of the interior fabric of 
cobble sample 4-2 from site 2 (Fig. 8). Several large quartz grains lie among 
numerous quartz grains of smaller sizes. Two of the large quartz grains 
exhibit undulose extinction.
termination of the cobbles where the strain shadows are affixed. The selvages contain virtually 
no quartz and contain muscovite and to a lesser degree chlorite at all three sites (Fig. 18) and also 
biotite at sites 2 and 3. In the field the selvages appear as a lustrous film on the unweathered 
surfaces of the cobbles. When two cobbles mutually indent one another and exhibit fabrics with 
similar textures, these selvages are occasionally the only indicator of a transition from one 
cobble to the other. The concentration of micas in the selvage is higher than in either the cobble 
or the matrix. Some of the cobbles (4-3D, 3-3D, 2-3D; See appendix A) show signs of secondary 
mineralization or changes in mineral concentrations (Fig. 12) penetrating a centimeter or more 
into the cobble from the margins. Deposition of rutile crystals within small recovered fractures 
were also seen to penetrate about a centimeter into cobble sample 4-3. 
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Figure 17: Exposure of the Purgatory Conglomerate at site 3 (Fig. 8) exposed along a joint face parallel 
to cobble short and intermediate axes. Embayed cobble indentation shown by A, and planar cobble 
indentation shown by B. Bedding within a sandstone cobble is undeformed by indentation as shown by 
C.
3.2 Study Sites
 The three sites (locations shown in Fig. 8, and coordinates listed in appendix B) selected 
for increasing strain and metamorphic grade are described below.
Site 1: This site is located within Purgatory Chasm State park just East of Newport, RI. Like 
many of the outcrops of the Purgatory Conglomerate, these rocks are coastal exposures and form 
a topographical high in the landscape being more resistant to weathering than the surrounding 
phyllites and sandstones of the Rhode Island Formation. Quartz is most abundant, followed by 
chlorite and magnetite within both the cobbles and strain shadows of these rocks, giving the 
matrix a gritty green color. The matrix here has an abundance of small lithic clasts and coarse 
sands. Many joints exist perpendicular to the direction of the long axis of the cobbles (010°/15°), 
some of which have allowed for the development of the chasm within the park. A subvertical 
fault no more than half an inch in width displays dextral movement as indicated by offset in a 
near vertical quartz vein near the north end of the outcrop and is nearly parallel with the regional 
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Figure 18: Thin section showing the boundary of a cobble. At the surface of the cobble is a 
seam of minerals (almost exclusively micas), called a selvage, that marks the concentration 
of insoluble minerals remaining after dissolution processes. 
fold axis trends (010°). The outcrop at site 1 consists of an east dipping limb of an open anticline 
(Fig. 8).
Site 2: This site is located along the eastern coast of Aquidneck Island, northeast of site 1 where 
Peckham Ave ends at the coast. The conglomerate outcrops as a series of tightly folded beds with 
sub-horizontal fold hinge lines trending 010° and a moderately east-dipping axial plane (Fig. 8). 
Cross-bedding of sand lenses within the conglomerate indicate that some of the beds have been 
overturned. The rocks at this site lack the green coloring of site 1 and have developed biotite 
within the matrix and the cobbles. Similar to site 1, offset of inter-conglomerate sandstone beds 
indicates signs of subvertical dextral shearing sub-parallel to the trend of the fold axis. 
Site 3: This site is located at the western most edge of High Hill point just south of Tiverton 
Rhode Island and northeast across the bay from Aquidneck Island and site 2. The flattened 
cobbles lie in nearly horizontal beds and exhibit strong alignment of their long axes. Compared 
with the cobbles of sites 1 and 2, the cobbles of site 3 exhibit stronger mutual indentations, have 
larger strain shadows, and the conglomerate contains much less matrix material. Pyrite is more 
prevalent at this site while biotite continues to be present in the matrix and cobbles. Granitic and 
quartzite cobbles are more numerous at this site than at sites 1 and 2. Many of the cobbles also 
have minor strain shadows on the intermediate axes. 
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3.3 Previous Shape Change Studies of the Purgatory Conglomerate
 Mosher (1987) recorded a change in cobble volumes and shapes for the purposes of 
quantifying the strain at 7 sites across the southern Narragansett Basin. A lack of information for 
the original shapes and volumes of the cobbles within the conglomerate complicates the 
calculation of real strain and volume loss. In order to calculate the variation in strain of the 
cobbles across the strain gradient Mosher (1987) assumed the conglomerate’s original cobble 
shapes based on a site (CHI, Fig. 8) in the west, near Newport. She concluded that this site (CHI) 
was undeformed because the rocks showed a lack of folding, low metamorphic grade, and 
similar cobble shape and arrangement to a conglomerate in New Mexico that is known to be 
undeformed (Mosher, 1987)(Fig. 8). Mosher (1987) plotted long axis orientations versus 
calculated strain symmetry (oblate, prolate, and plane strain) and concluded that volume loss 
varied between 23% and 55% from west to east. In order to avoid the assumption of the original 
cobble shape, this study sought to compare the change of cobble shapes from site 1 to 3, rather 
than a change in strain ellipsoids. As the conglomerate may have exhibited a variance in cobble 
size, shape, and composition from west to east when it was originally deposited the problematic 
assumptions of either method are necessary under the circumstances.
3.4 Cobble Shape Change Results
 For this study, the dimensions and orientations of a number of cobbles from each site 
were recorded (Refer to Appendix B for cobble dimension and orientation data). Cobble 
orientation plots were constructed for sites 1, 2, and 3, in order to approximate the degree of 
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cobble rotation associated with folding (Fig. 19). From site 1 to site 3, or from low strain in the 
SW to high strain in the NE, the long axes of the cobbles show a stronger alignment with the fold 
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Figure 19: Equal area lower-hemisphere projections showing cobble axes orientations for the X-axes 
(filled circles), and Z-axes (hollow squares). The average X-axis trend is shown as a hollow diamond, and 
the plane of best fit for the Z-axes is shown as a red line. The red square not positioned on this line is the 
projected trend of the X-axes, orthogonal to the great circle along which the Z-axes plot. In sites 1 and 3 
the X-axes trends cluster around a shallow plunge towards 010°. A tighter cluster exists at site 3 due to 
increased strain. Site 2 shows a definite N-S alignment instead of a trend towards 010°. (Refer to 
Appendix B for cobble dimension data tables)
axis (generally around 010°), suggesting a progressive alignment of the cobbles long axes with 
increasing strain. This is consistent with work by Mosher (1987), who found an increased degree 
of volume-loss related flattening and alignment of the cobbles with the fold axis with increasing 
strain. 
 The average cobble dimensions from each site were used to estimate the change in cobble 
volume from site 1 to sites 2 and 3. The results show a reduction in volume by 63.13% from site 
1 to 2, by 14.18% from site 2 to 3, and by 68.63% from site 1 to 3 (See Appendix B). A change in 
the relative flatness of the cobbles between sites is apparent from Figure 20. In this Figure the 
ratios of cobble dimensions are plotted in a Flinn-style shape diagram, where X, Y, and Z do not 
represent stretches as in a traditional Flinn diagram, but the lengths of the long, intermediate, and 
short axes of the cobbles in centimeters. Stretch (S), the ratio of the initial length (li) over final 
length (lf) of a line [S= li/lf] was not used in this study, because the initial shapes of the cobbles 
are unknown. These shape diagrams indicate that cobbles from site 1 and 2 are on average 
prolate, where as the cobbles of site 3 are on average more oblate (Fig. 20). However, the 
increase in strain from site 1 to 3 does not lead to a linear progression from prolate to oblate 
cobble shapes. The degree of volume loss and cobble shape change likely also depends upon 
each site’s local deformational environment, such as location within fold hinge versus limbs, and 
the degree of cobble rotation, and is discussed in further detail in chapter 4.4. 
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3.5 Cathodoluminescence Results
 Sixty three cathodoluminescence and sixty three paired transmitted light images were 
taken from seven sampled thin sections. About 60-80% of the minerals within the strain shadows 
is quartz and CL analysis shows that about 90% of the quartz grains there display very weak 
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Figure 20: Flinn-style shape diagrams showing the shapes of cobbles at sites 1, 2, and 3. Blue circles 
represent individual cobble data while the red squares represent the average shapes for each site. The 
diagrams show that the cobbles of site 2 are more prolate (more cigar shaped) than those of site 1, and 
that site 3 (the site of highest strain) has cobbles that are on average oblate (flatter) on those of sites 1 
and 2. X,Y, and Z refer to the length of the cobbleʼs long (X), intermediate (Y), and short (Z) axes. (Refer 
to Appendix B for cobble orientation data tables)
blue/violet luminescence with a shift to dark brownish-violet. The remaining 10% of the quartz 
grains could be classified as detrital through normal optical means (larger than surrounding 
grains with rounded edges) and were found to luminesce a brighter blue color (Fig. 21). The 
majority of the dark blue/violet quartz in the strain shadows is confined to long channels or form 
a wedge at the base of the strain shadow. These quartz grains do not exhibit any growth banding 
structures and do not appear to have overgrowths or pore infills. Grains within the quartz-rich 
regions are equigranular and polygonal, suggesting that they have undergone little deformation 
and are of authigenic or hydrothermal origin. Quartz overgrowths on pyrite grains within the 
cobble’s strain shadow demonstrate very dark blue/violet shifting to dark brownish-violet CL 
properties similar to the authigenic quartz (Fig. 22). Between the channels of quartz-rich sections 
are zones, clumps, or channels of less quartz-rich aggregate (Fig. 23). These regions frequently 
contain higher concentrations of plagioclase showing bright red luminescence, many with bright 
violet/blue K-feldspar cores (~15-30% of the strain shadow). These regions also contain chlorite 
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Figure 21: Two images of strain shadow thin section 1.1A. Left) Cathodoluminescence image showing 
a detrital grain (blue-violet) among authigenic quartz grains (dark brownish-violet final colors), feldspar 
grains (bright red), chlorite (no luminescence), and chloritoid (very bright yellow). Right) Transmitted 
light image of the region for comparison.
that does not luminescence (4-7%) and minor chloritoid (very bright yellow) and heavy minerals 
such as pyrite and magnetite (no luminescence). This higher concentration of other minerals 
seems to suggest that these regions mark areas where detrital material has also been incorporated 
into the strain shadow. 
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Figure 22: Two images of strain shadow thin section 1.1A. Left) Cathodoluminescence image showing 
a pyrite grain with individual quartz grains forming as strain shadows on the pyrite grain. These quartz 
grains exhibit initial dark blue/violet colors shifting to brownish-violet final colors (as shown). Also shown 
are quartz grains (dark brownish-violet final colors), feldspar grains (bright red), and chlorite (no 
luminescence). Right) Transmitted light image of the region for comparison.
Figure 23: Two images of strain shadow thin section 1.1A. Left) Cathodoluminescence image showing 
long quartz-rich channels (brownish-violet final colors) alternating with channels or regions that are less 
quartz-rich. Feldspar grains exhibit K-feldspar cores (very bright blue/violet) with rims of plagioclase 
(bright red).Also shown are individual grains of plagioclase (bright red), chlorite (no luminescence), and 
chloritoid (very bright yellow). Right) Transmitted light image of the region for comparison.
 In sample 1-1A, a portion of the cobble’s long axis termination is also incorporated 
adjacent to the strain shadow within the thin section and was used to investigate the CL 
properties of the quartz within the cobble. The quartz grains within the cobble displayed weak 
dark blue luminescence, but with a stronger blue component than the authigenic quartz of the 
strain shadow (Fig. 24). These cobble quartz grains display a color shift to a dark brownish-
violet. The quartz-rich equigranular and semi-polygonal fabric of the cobble’s interior suggests 
that this cobble is sourced from a hydrothermal quartz vein. Such cobbles are common within the 
conglomerate.
3.6 Quartz Orientation Results
 Initial quartz c-axis orientation analysis was carried out on an inner strain shadow section 
from site 1 using the universal stage. The results are plotted in the stereonet in Figure 25. The 
true plunges of quartz c-axes that are near horizontal within the thin section are hard to determine 
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Figure 24: Two images of the cobble quartz from thin section 1.1A. Left) Cathodoluminescence image 
showing cobble grains (dark to medium blue), and chloritoid (very bright yellow). Right) Transmitted 
light image of the region for comparison.
due the angle limitations of the U-stage and are 
plotted with horizontal orientations. The 
resulting c-axis pattern is random and lacks 
symmetry, and thus the strain shadow appears 
to lack any real CPO pattern.
 EBSD analysis of 54 plots from 
selected domains within cobble cores and rims 
and inner and outer strain shadows, indicate the 
absence of any patterns in any of the domains 
(See Appendix A). Figures 26, 27, and 28 each 
show representative EBSD patterns from a 
single cobble and its strain shadow, originating from sites 1, 2, and 3, respectively. All sample 
grids exhibit a similar dispersive distribution of c-axis orientations, and lack any girdles rings or 
crosses. Certain samples (e.g. 3-3Dpass3_0_1 (Fig. 28e) and 3-3Apass3 (Fig. 28d)) do display 
apparent unique patterns or textures, which are due to a low degree of natural heterogeneity. 
Furthermore, these patterns were not continuous with adjacent sampled grids. The heterogeneous 
textures varied from sample to sample and the resulting patterns were well within the limits of 
statistical randomness. The possibility exists that CPO patterns may have been localized at 
smaller scales within the fabric. However, this is considered unlikely, because sample grids 
varying from 1.65 mm2 to 15.64 mm2 within both the cobbles and strain shadows yield similarly 
random results. Sections of some of the larger grains were indexed multiple times. This led to 
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Figure 25: Quartz C-axis orientation pattern from 
an inner strain shadow section of sample 1-1A 
from site 1 (Fig. 8; Appendix A, pg. 72), using a 
universal stage. This plot shows similar patterns 
as those taken using EBSD methods. 
Equal Area
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Figure 26: Plane polarized light image of cobble thin section 1-1D, strain shadow thin section 1-1A (top) 
from site 1 (Fig. 8) and quartz c-axis patterns within cobbles and strain shadows (bottom; created with 
Channel5 software). Sampled regions are from; outer cobble (C), inner cobble (E), outer strain shadow 
(D) and inner strain shadow (F). Color overlays show C-axis orientation densities (red is high and blue is 
low).
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Figure 27: Plane polarized light image of cobble thin section 4-2D, strain shadow thin section 4-2A (top) 
from site 2 (Fig. 8) and quartz c-axis patterns within cobbles and strain shadows (bottom; created with 
Channel5 software). Sampled regions are from; outer cobble (C), inner cobble (E), outer strain shadow 
(D) and inner strain shadow (F). Color overlays show C-axis orientation densities (red is high and blue is 
low).
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Figure 28: Plane polarized light image of cobble thin section 3-3D, strain shadow thin section 3-3A 
(top) from site 3 (Fig. 8) and quartz c-axis patterns within cobbles and strain shadows (bottom; created 
with Channel5 software). Sampled regions are from; outer cobble (C), inner cobble (E), outer strain 
shadow (D) and inner strain shadow (F). Color overlays show C-axis orientation densities (red is high 
and blue is low).
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data sets with clusters of similar orientations (spread caused by subgrains). Therefore, all 
sampled sections are interpreted as representing random quartz c-axis fabrics.
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Chapter 4: Discussion
4.1 CPO by Plastic Deformation
 Numerous mechanisms have been associated with the development of a CPO in quartz-
rich rocks and include mechanical rotation of elongate grains, dynamic and static 
recrystallization and crystal plastic deformation (dislocation creep, grain boundary glide, 
prismatic <c> axis and basal <a> axis slip). Plastic deformation processes may develop a CPO in 
quartz-rich rocks, wherein slip constrained to discrete lattice planes leads to a crystallographic 
controlled grain shape change. Depending on the pressure and temperature environment, and the 
presence of fluids, slip may occur predominantly along specific lattice planes that may then lead 
to mechanical rotation of the crystal. In general, the presence of water in the crystal lattice acts to 
decrease the crystals structural strength, thus fluids act to lower the temperatures and pressures 
required for crystal plastic deformation through a process known as hydrolytic weakening 
(Blacic, 1975). Above a critical temperature, diffusion of an aqueous fluid to dislocations 
facilitates hydrolysis of strong Si-O-Si bonds aiding in bond exchange and plastic deformation 
(Blacic,1975). 
 Previous analysis of metamorphic mineral assemblages indicates that the cobbles of the 
Purgatory Conglomerate within the southeastern region of the basin (sites 1, 2, and 3) reached up 
to biotite grade metamorphism and no more than 500° C at 5 Kbar (Murray and Hepburn 1979; 
Mosher, 1981). Since the development of a CPO by plastic deformation requires approximately 
30% coaxial shortening and only a minor degree of dislocation creep or glide occurs at 
temperatures below 500° C, the development of a CPO by plastic deformation is unlikely at 
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temperatures lower than 500° C (Passchier and Trouw, 2005). Furthermore, because the 
dislocation along glide planes is not optically apparent and undulose extinction may develop at 
strains much lower than 40% coaxial strain, the only indication that plastic deformation acted to 
rotate grains is a fabric displaying aligned elongate quartz grains. While many of the grains of 
the cobble sections display undulose extinction, the grain aggregates are equigranular (samples 
1.1, 4.2) to inequigranular (samples 4.3, 3.3, 2.3) and contain grains that are polygonal to 
interlobate, without alignment of elongate quartz grains. Thus it can be concluded that plastic 
deformation did not play a role in rotating the quartz grains and in developing a CPO within the 
cobbles of the Purgatory Conglomerate.
 Quartz grains within the strain shadows show a lower degree of undulose extinction than 
those within the cobble. This is to be expected, because the strain shadows are regions of lower 
strain than the cobbles, and also because grains within the cobbles could have developed 
undulose extinction before conglomerate deposition. 
4.2 CPO by Dissolution and Precipitation Anisotropy
 Models for the development of a CPO by DPC (Bons and den Brok, 2000) indicate that a 
strong CPO could be formed at high plane-strain (constant-volume) pure shear (59.5% 
shortening), high uni-axial shortening (59.5% shortening), or moderate simple shear (γ=1-3). 
Bons and den Brok’s (2000) model uses a fabric of numerical mineral analogues where each 
mineral (a rectangular box) is assigned three perpendicular axes (one A and two Bs). These 
minerals are at first given random orientations and varying sizes, meaning that spaces exist 
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between grains in a grain-supported system (Bons and den Brok, 2000). Deformation of the 
grains is treated individually, irrespective of the state of the neighboring crystals, and the grains 
are not fixed in orientation (Bons and den Brok, 2000). Dissolution and precipitation rates are 
axis dependent and thus shape change is dependent upon the orientation of each crystal with 
respect to the instantaneous strain axes (Bons and den Brok, 2000). Naturally elongate detrital 
minerals only require long axes that are 17% longer than their other axes for CPO development 
by mechanical rotation (Sander, 1970; Tullis, 1989). As a consequence of dissolution rate-
dependent shape change grains are mechanically rotated as they become more elongate (Tullis, 
1989; Bons and den Brok, 2000). In this way grain axis reorientation is accomplished purely 
through dissolution/precipitation and mechanical rotation and does not require crystal plastic 
deformation mechanisms. This crystallographically controlled anisotropy in the dissolution and 
growth rates was originally suggested as a mechanism for forming quartz c-axis patterns by 
Tullis (1989). He suggested this theoretical mechanism for CPO development based on known 
dissolution and growth properties of quartz, while Bons and den Brok (2000), developed a 
numerical model to test this theory.
 Unlike Bons and den Brok’s (2000) numerical model, the crystals in the cobbles of the 
Purgatory Conglomerate vary in shape and are affixed into an interlocking fabric, making each 
crystal constrained by its neighbors. Within the cobbles there is virtually no pore space and it is 
unlikely that any quartz precipitation occurred within the cobbles. No evidence was found for 
precipitation within the cobble. Therefore it is assumed that only dissolution of quartz occurred 
within the cobble, with intense dissolution localized close to the margins (see also section 4.3). 
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Thus the case of the quartz-rich cobbles of the Purgatory Conglomerate differs from the model of 
CPO development as presented by Bons and den Brok (2000) in that grains are affixed into an 
interlocking fabric and do not simultaneously undergo dissolution and precipitation. 
4.3 Indications for DPC
 Indicators for the process of DPC are numerous and common at all of the sites in this 
study (See Section 3.1). The strain shadows are perhaps the most prominent indicators, as they 
are easily observable sites of the precipitation of quartz from solution. Another compelling 
feature of the Purgatory Conglomerate is the mutual indentation of cobbles. A particularly 
notable feature is the fact that pre-existing cobble fabrics were not affected by the indentation. 
Even at sites of significant indentation, the internal fabric of the cobbles do not indicate any 
transition to brittle or plastic deformation towards the rim of the cobble, although one cobble 
might appear to wrap around another. This suggests that dissolution was the primary and 
possibly the sole mechanism for shortening and that no internal deformation of the quartz grains 
occurred at that time.
 Selvages are common on the cobbles and it has been suggested that these selvages are 
concentrations of insoluble minerals that remain after dissolution in the cobbles (Mosher, 1978)
(Fig. 18). This was later confirmed by Mosher (1981), who found that concentrations of 
insoluble minerals increased from the cobble cores to the cobble margins to the selvages. Where 
cobbles are in contact, the margins of the cobbles (3 to 5 mm depth into the cobble from the 
surface) show a 3% to 30% increase in micas and heavy minerals compared with the cobble 
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interior (Mosher, 1981). The lack of quartz within the selvages (commonly less than 5%) is in 
stark contrast to regions just a few millimeters within the margins of the cobbles that contain 
~50% quartz (Mosher, 1981). In pure quartzite cobbles, this contrast appears even more 
dramatic. Insoluble minerals were probably roughly evenly dispersed throughout the fabric 
before dissolution and if dissolution affected the entire cobble an increased concentration of 
these minerals would be expected throughout the cobble. The dramatic increase in the 
concentration of insoluble minerals from the cobble’s interior to the selvage therefore indicates a 
dramatic increase in the dissolution of quartz. 
 Analysis of cobble dimensions suggest that the increase in effect of DPC resulted in a 
68.63% reduction of average cobble volumes from site 1 to 3 (See Appendix B). As the original 
volumes of the cobbles are unknown this stands as a rough estimation of cobble volume loss. 
The change in the shapes and orientations of the cobbles between the three sites as a result of 
DPC is complex and is further discussed below in the context of the progression of regional 
folding and the rotations of individual cobbles within the beds. 
4.4 Cobble Rotation and Reshaping due to Changes in Local Folding
 Each of the three sites will be examined individually in order to understand how regional 
folding and rotation effected the dynamics of cobble shape change (Fig. 8). The cobbles of site 1 
are located within the east-dipping limb of a large open fold. Cobbles at this site show a strong 
alignment of their long axes with the sub-horizontal 010-trending fold axis (Figs. 19 and 29 stage 
4). The short axes of the cobbles form a girdle, with its strongest cluster plunging 13° towards 
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279°, roughly perpendicular to bedding (Fig. 19). The nearly vertical nature of this open fold 
(Figs. 8 and 29, stage 4) suggests that shortening was accommodated mainly by E-W shortening 
rather than top-to-the-west folding and thrusting further to the east. The cobbles from site 2 were 
collected within the fold hinges of several tightly folded beds (Figs. 19 and 29). The cobble’s 
long axes show a wider spread of orientations than those of site 1 and show a girdle of short axes 
with a cluster plunging 25° towards 087°. The cobbles of site 3 are situated in shallowly east-
dipping beds and they may be close to their original orientations (Fig. 29). At this site, the 
cobbles show the strongest alignment of long axes plunging 4° toward 016° and a strong 
clustering of short axes plunging 66° towards 271° (Figs. 19 and 29). This site is also the only 
location in the conglomerate where minor strain shadows can be found on the intermediate axes 
of the cobbles along with major strain shadows on the long axes. 
 Cobbles from sites 1 and 2 are slightly prolate (Fig. 20), whereas the cobbles of site 3 are 
more oblate. The three sites do not show a linear progression from one shape to another, because 
of differences in folding style and due to cobble locations within a fold. Because cobbles within a 
fold hinge rotate so that their X-Y planes align with the fold axial plane, the cobbles within fold 
hinges rotate towards orientations with intermediate axes orthogonal relative to the bedding 
surface. Cobbles that are more oblate are expected to respond more directly to these rotational 
forces than cobbles that are more prolate. Aside from cobbles within overturned limbs, the 
cobbles within fold limbs would not be subjected to such high degrees of rotation. 
 It is this rotation of cobbles within fold hinges that affects the way that volume reduction 
by DPC alters the cobble shapes. Cobbles are rolled about their long axis, much like rolling pins, 
55
and since regional shortening acts upon the cobble throughout its rotation, the more a cobble is 
rotated the more the effects of shortening are distributed evenly between the intermediate and 
short axes (much like constrictional deformation). Since the original orientation and shapes 
varies between individual cobbles, some cobbles would not rotate as much as other cobbles, if at 
all. The final average shape of the cobbles is determined by (1) initial shape (2) initial 
orientation, and (3) amount of rotation. Thus as one component responsible for the final cobble 
shapes, rotation acts to create a more prolate average final shape. 
 Before the folding of the conglomerate, the cobble’s long-intermediate axis planes (X-Y 
planes) likely lay subparallel to the roughly horizontal bedding (Rust, 1972, Walker, 1975). The 
westward flow of sediments from the basin’s eastern margins deposited the cobbles with the long 
axes oriented at 010° (Mosher, 1987) and Y-axes parallel to flow so that their X-Y planes were 
horizontal and subparallel to bedding (Rust, 1972; Walker, 1975). As E-W compression acted 
upon the units of the Narragansett basin, the beds began to fold. In general, during deformation, 
cobbles are expected to rotate their short axes towards parallelism with the shortening direction. 
Beds isolated within the limbs of upright folds that dipped east contained cobbles whose short 
axes were already oriented approximately parallel to the direction of shortening (like those of site 
3) and thus would not be expected to rotate significantly. This would have rotated the cobbles 
within the beds (Fig. 29).
 At site 1 the cobbles experienced the lowest strain of the three sites and as they are 
located within the limb of a fold, they are assumed to have undergone little rotation with respect 
to the bedding. On average, the short-intermediate axes planes of the cobbles are nearly vertical, 
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suggesting that the short axes of the cobbles are roughly parallel to shortening. At site 2 the 
regional compression has transitioned into top-to-the-west folding, where the cobbles have been 
rotated within the fold hinge areas towards parallelism with the fold axial planes. An increase in 
the ratio of X/Y and a decrease in the ratio of Y/Z can be used as two components to represent a 
more prolate shape. Analysis of the dimensions of the cobbles from site 2 show that these 
cobbles are, on average, 7.17% more prolate than cobbles of site 1 and 43.00% more prolate than 
cobbles of site 3 (See Appendix B). Depending on the initial shape and orientation of the 
individual cobbles, the rate of rotation is expected to have varied between individual cobbles. At 
site 3 discrete subhorizontal shear zones half a meter wide exist within a shallow east-dipping 
fold limb. The short axes of the cobbles of this site have rotated little, with respect to the bedding 
plane and regional shortening axes, in order to become perpendicular to the direction of 
shortening associated with top-to-the-west movement. This is demonstrated by a strong 
alignment of cobble long axes to the fold hinge, and a strong clustering of short axes (trend 271°, 
plunge 66°)(Fig. 19) near parallel to the pole of bedding (trend 280°, plunge 60°)(Fig. 8, also see 
field map in back pocket). As the cobble’s short axes remained perpendicular to the shortening 
direction throughout the DPC event (D1), the cobbles of site 3 have undergone shortening along 
their short axes and stretching along their intermediate and long axes, as is suggested by the 
presence of strain shadows on the long axes as well as minor strain shadows on the intermediate 
axes of these cobbles. 
 In summary the action of DPC-related volume loss upon the cobbles of the Purgatory 
Conglomerate was accommodated by the shape change of individual cobbles where the style of 
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shape change varied depending on the local rotational and folding dynamics within the beds. The 
change in the shapes of the cobbles was controlled by the rotation of cobbles through the 
instantaneous shortening fields of the region, which are horizontal in the west (horizontal E-W 
shortening) and inclined in the east (top-to-the-west movement). While the axes of instantaneous 
shortening do not move, the beds are folded effectively rotating the cobbles through varying 
orientations with respect to the shortening axes and within the fold hinges the cobbles also rotate 
with respect to the bedding. Cobbles located within a fold hinge experience the most rotation 
within the bedding plane, resulting in the shortening strain being distributed more evenly 
between the short and intermediate axes than in cases where the cobbles lie in limbs 
perpendicular to the instantaneous shortening axes.
4.5 CPO development
 The evidence for DPC is abundant, yet no evidence for a quartz CPO exists within either 
the cobbles or the strain shadows from any of the three sites along the strain and metamorphic 
gradient. All cobble and strain shadow sections analyzed exhibit random quartz c-axis patterns 
(Figs. 26, 27, and 28 and Appendix A). C-axis clusters within certain sampled cobble section 
grids (Fig 27c, 27e, 28c, and 28e) were found to result from larger detrital grains (~200 µm) with 
subgrains (~40 µm). Although C-axis orientation data yielded apparently unique patterns among 
the various sample grids, these random quartz c-axis orientations are considered to represent 
natural heterogeneity and are interpreted as insignificant. 
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 The most likely explanation is that these patterns represent the original pre-depositional 
fabric of the cobbles, because the effects of DPC did not penetrate much beyond the cobble 
surfaces. Hydrothermal fluids affected the cobbles, as indicated by a variation in the 
concentrations of micas and secondary minerals (Fig. 30), but the random quartz c-axis fabrics of 
the cobbles appear to have remained unchanged. The increase in the percentage of insoluble 
minerals from the core to the margin (3-5 mm inward from the cobble surface), and from the 
margins to the selvages, was previously suggested to result from a progression of dissolution into 
the cobble, leaving these insoluble minerals behind (Mosher, 1983). This gradient of insoluble 
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Cobble Boundary
Cobble Core
Figure 30: Plane polarized light image of sample 4-3D showing the decrease in amount of 
insoluble minerals from the boundary of the cobble towards the inner core. Secondary 
mineralization of rutile infilling cracks in the cobbleʼs surface (circled) and a seam of rutile crystals 
(indicated by the arrow) are evidence of hydrothermal alteration. 
minerals could instead represent secondary mineralization and the growth of metamorphic 
minerals due to hydrothermal fluids infiltrating from the cobble surfaces. If significant effects of 
DPC existed within the cobbles beyond the selvages, a reduction in grain size near the cobble 
margins would be expected, as DPC removed volume from the surfaces of individual grains. 
However, no evidence for such grain size reduction was recognized and it is interpreted that 
dissolution only occurred at the margins of the cobbles. 
 If dissolution truly occurred predominantly at the very outer margins of the cobbles, the 
question arises how DPC can deform the cobbles so significantly. It is expected that the matrix 
surrounding the cobbles and the selvage at the boundaries of the cobbles would have been more 
porous than cobbles themselves. The higher porosity and higher concentration of insoluble 
minerals such as micas allowed higher fluid flow or at least a higher volume of fluid at the 
surface of the cobbles than within the cobbles. Volume loss estimates indicate that a significant 
portion (17-40%) of the dissolved material was not precipitated within the strain shadows, and 
was instead redeposited as quartz veins within the conglomerate and adjacent rock units 
(Mosher, 1987). If fluid flow is sufficiently higher at the surface of the cobble than within the 
cobble, then the levels of solute (dissolved quartz) within fluids along the cobble surfaces is 
expected to be lower than the intergranular fluid within the cobble, allowing for an increased 
dissolution rate at the cobble surface. This disequilibrium of fluid flow may also have lead to 
increased hydrothermal alteration near the surface of the cobble without significant dissolution 
within the cobble. In this scenario, selvages may represent discrete surfaces of dissolution. 
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4.6 Cathodoluminescence Analysis
 CL analysis was aimed at identifying which quartz grains within the strain shadows were 
authigenic and which were detrital. Quartz that exhibited separate optical and CL characteristics 
suggest quartz of three distinctly different origins (See Section 3.5). A small number of quartz 
grains within the strain shadows luminesced medium blue. The vast remainder of the quartz 
within the strain shadows exhibited very dark blue/violet luminescence colors with a shift to dark 
brownish-violet. The quartz within the cobble displayed dark to medium blues with a shift to 
dark brownish-violet. 
 A problem arises in the interpretation of the CL colors because metamorphism has 
affected the quartz throughout the sample. Furthermore, the CL characteristics for quartz of 
authigenic, hydrothermal, and low grade metamorphic origins are all very similar. Both 
authigenic and low grade metamorphic quartz exhibit very low CL intensities, with typical colors 
initially emitting dark blue (up to medium blue with low metamorphic quartz) with a shift to 
brownish-violet (or brown with authigenic quartz) (Götte and Richter, 2006). Hydrothermal 
quartz has the widest variety of colors with blues, greens, and browns being most common 
(Götte and Richter, 2006). Hydrothermal quartz is frequently characterized by extreme shifts in 
color or intensity, but is commonly seen to have initial colors in the blue to dark violet region 
with a shift to dark brownish-violet (Götte and Richter, 2006). 
 The effect of low grade metamorphism on quartz is the healing of microfractures and 
defects within the crystal lattice, and since these features are thought to act as luminescing 
centers, low grade metamorphism acts to shift quartz CL colors towards dark blue/violet (Götte 
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and Richter, 2006). Certain grains that display clear optical signs of a detrital origin within the 
strain shadows are seen to display high order blue CL colors without a color shift, meaning that 
metamorphism did not completely reset these grains. Also it is clear that the grains of the cobble 
exhibit different CL characteristics than those within the quartz-rich regions of the strain 
shadows. Thus it would appear that quartz of three separate origins can be discerned using CL. 
One can immediately be determined to be detrital based on optical properties and may be high 
grade metamorphic in origin based on its medium blue CL characteristics. The two remaining 
phases (cobble and strain shadow) have very similar CL characteristics that may have had the 
majority of their original CL properties reset by low grade metamorphic overprinting. Thus, 
despite the fact that CL methods may not always be able to distinguish the origin of quartz that 
has been affected by metamorphism, based on CL characteristics combined with optical 
microscopy, it is evident that there are three types of quartz; cobble quartz, detrital quartz, and 
authigenic quartz. 
 The optical properties of the quartz within the quartz-rich channels and wedges of the 
strain shadows (equigranular and polygonal) along with the CL properties points towards an 
authigenic origin. The possibility remains that detrital grains were included into the strain 
shadows and were metamorphosed under low grade conditions and are now indistinguishable 
from neighboring grains of authigenic origin. Optical analysis of the strain shadows suggest that 
other detrital minerals (chlorites, chloritoids, feldspars, and heavy minerals), likely from the 
matrix, were incorporated almost exclusively into regions with a lower concentration of quartz. 
Therefore it can be concluded that quartz within the regions of the strain shadow that are rich in 
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quartz (80% or higher) are likely dominated by authigenic quartz. For this reason, EBSD analysis 
within the strain shadows was conducted within the most quartz-rich regions. 
4.7 Strain Shadows
 Analysis of both cobble and strain shadow quartz resulted in random quartz c-axis 
patterns. The lack of a CPO within the strain shadows is of particular interest. While the process 
of the precipitation of quartz is less well understood than the dissolution of quartz, CPOs are 
common within quartz veins and strain shadows, even within low grade metamorphic rocks 
(Wenk, 1985). The growth of quartz crystals within a strain shadow is commonly compared to 
the growth of quartz within veins (Wenk, 1985). Nucleation of individual quartz crystals on the 
wall of a fluid-filled fissure initially develops in random orientations (Wenk, 1985). However, 
due to the intrinsically faster growth rate along the c-axis than along the a-axes of quartz, grains 
that have their c-axes oriented perpendicular to the wall are naturally favored to grow to be 
longer crystals while grains which have their c-axes oriented parallel to the wall terminate at the 
face of another crystal (Wenk, 1985; Tullis 1989). This process has also been attributed to the 
formation of fibrous strain shadows (Wenk, 1985; Köhn et al., 2003). Within the strain shadows 
of the Purgatory Conglomerate, the quartz-rich layers form channels, wedges, or interfinger with 
layers rich in layered micas and chlorites. This texture gives the appearance that the material is 
flowing around and between the cobbles (Fig. 14). Layers of elongate quartz aligned parallel to 
the regional elongation direction are occasionally observed within the strain shadows, and yet no 
CPO is associated with these fabrics. It is unknown why exactly the quartz grains are elongate 
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but do not exhibit a CPO. The lack of a CPO among an aggregate of aligned elongate quartz does 
however imply that they did not grow to be elongate based on anisotropic crystallographic 
growth rates (Tullis, 1989). Instead these grains may have grown to be elongate by the 
confinement of the flat basal planes of the adjacent micas similar to a pinning structure. 
Conjecture aside, no CPO is present within any of the strain shadow regions of the Pugatory 
Conglomerate, and this indicates that the precipitation of quartz grains did not result in the 
development of a CPO. Thus it is concluded that the precipitation of quartz alone within the large 
scale strain shadows of the purgatory conglomerate is insufficient to produce a CPO, and that 
perhaps another mechanism is required for CPO development.
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Chapter 5: Conclusions
(1) Evidence for Dissolution Precipitation Creep (DPC) within the Purgatory Conglomerate is 
shown by the existence of selvages, strain shadows, cobble indentations, and cobble volume 
reduction. An increase in strain shadow size, more pronounced cobble indentations, and 
increased volume loss from sites 1 to 3 represent a strain gradient increasing from west to east. 
The strain gradient is associated with a metamorphic gradient from chlorite zone in the west 
(site 1) to biotite zone in the east (site 3). Regional deformation developed in an east-west 
compressional style in the west (site 1) and transitioned to top-to-the-west folding and shearing 
in the east (sites 2 and 3). 
(2) Analysis of cobble shape change has shown that DPC has acted to significantly change the 
size and shape of the cobbles in different styles at each site. Five factors affect the final shape 
of the cobbles; initial shapes and orientations of the cobbles, rotation of the beds, rotation of 
the cobbles within the beds, the direction of the Instantaneous Stretching Axes (ISA), and the 
removal of cobble volume by the dissolution of quartz along cobble surfaces perpendicular to 
the ISA. The total finite strain on the cobbles has, on average, lead to cobbles with more 
prolate shapes in site 2 than in sites 1 and 3. This was accomplished through the rotation of 
individual cobbles within the fold hinge of cobbles with respect to the instantaneous 
shortening field and led to a distribution of dissolution related volume loss between the 
cobble’s intermediate and short axes. The conglomerate beds of site 3 have rotated only about 
20° (east dipping) and the cobbles have rotated very little with respect to the bedding. The 
majority of the shortening was parallel to the cobble’s short axes, leaving them more oblate.
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(3) Cathodoluminesence (CL) studies of quartz grains within the strain shadows and quartz 
within a single section of cobble have indicated that the majority of quartz grains within the 
quartz-rich regions of the strain shadow are authigenic. This conclusion is also supported by 
the equigranular and polygonal nature of grains.
(4) No evidence for a quartz Crystallographic Preferred Orientation (CPO) was found within the 
cobbles or strain shadows of the selected samples of the Purgatory Conglomerate, despite the 
fact that evidence for widespread dissolution exists. The internal fabrics of the cobbles show 
no signs of deformation anywhere within their interior including sites of cobble indentations 
(high strain). Quartz grain c-axis orientation data yielded random patterns among the various 
sample grids, and apparently unique patterns were concluded to represent minor natural 
heterogeneity. The effects of quartz dissolution were substantial at the surfaces of the cobbles 
and while it is most likely that dissolution did not penetrate much deeper than the cobble’s 
surface, dissolution did not result in the development of a CPO even within a few millimeters 
of the cobble margin. 
(5) The strain shadows of the cobbles are domains where quartz precipitation likely occurred 
under hydrostatic conditions and are regions of much lower strain than sites of high stress 
cobble contact and quartz dissolution. Within the large scale quartz overgrowths the 
precipitation of quartz alone was not sufficient for the development of a CPO. 
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Appendix A
 Cobble samples were collected from each site and thin sections were cut from cobble 
sections and strain shadow sections. Thin sections with the suffix A, B, or C were cut from 
within the cobble’s adjoining strain shadow; parallel to the the cobble’s X-Z, X-Y, and Y-Z 
planes, respectively. Thin sections with the suffix D were cut from the middle of the cobble, 
roughly parallel to the X-Z planes of the cobbles. Two macroscopic images, one in reflected light 
(left) and the other in plane polarized light (right), are shown for each thin section. The lettered 
boxes in the thin section images correspond to a sample grid and data for each grid can be found 
next to the corresponding letter in the index below the images. EBSD images with a colored 
overlay and an associated quartz c-axis orientation plot are indexed for each sample grid. These 
c-axis orientation plots are oriented with their X-Y planes parallel and Z axis perpendicular to the 
thin section’s surface. The number of points within each plot is listed to the right of the pole 
Figure. Where grids of data were stitched together, plots contain data for multiple grids and are 
listed in the index under multiple letters.
70
Site 1
a
b
c
d
a
b
c
d
A: 1-1a_0_1
B: 1-1a-matrix
C: 1-1a-upper
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D: 1-1a-upper2
C+D: 1-1a-upper and 1-1a-upper2
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C: 1-1DPass1_0_2
a      b       c
d      e       f
g      h       i
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a      b       c
d      e       f
g      h       i
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A: 1-1DPass1
B: 1-1DPass1_0_1
73
A+B+C: 1-1DPass1, 1-1DPass1_0_1, and 
1-1DPass1_0_2
D: 1-1DPass2
E: 1-1DPass2_0_1
F: 1-1DPass2_0_2
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D+E+F: 1-1DPass2, 1-1DPass2_0_1, and 
1-1DPass2_0_2
G: 1-1DPass3
H: 1-1DPass3_0_1
I: 1-1DPass3_0_2
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G+H+I: 1-1DPass3, 1-1DPass3_0_1, and 
1-1DPass3_0_2
J: 1-1DPass4
K: 1-1DPass5
J+K: 1-1DPass4 and 1-1DPass5
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B: 2-3DPass1_0_1
C: 2-3DPass1_0_2
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2-3DPass1_0_2
D: 2-3DPass2
87
E: 2-3DPass2_0_1
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2-3DPass2_0_2
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D: 3-3DPass2_0_2
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D: 3-3DPass3
D: 3-3DPass3_0_1
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Appendix B
 Tables of cobble dimensions are indexed below and show the lengths (in cm) of the long 
(X), intermediate (Y), and short (Z) axes of between 20 and 16 cobbles per site. The ratios of the 
long and intermediate axes (X/Y), and the intermediate and short axes (Y/Z) were calculated for 
each cobble and plotted as “Flinn-Style” shape diagrams in Figure 20. These ratios represent the 
shapes of the cobble. An axial symmetric prolate cobble has an Y/Z ratio of 1 and an axial 
symmetric oblate cobble has an X/Y ratio of 1. The averages for all dimensions and ratios per 
site were also taken to plot on these diagrams. Cobble orientation data are recorded by trend and 
plunge of all the cobble axes (X, Y, and Z) and the strike and dip of the cobble’s Y-Z plane. The 
latitude and longitude coordinates are listed at the bottom of each table. The cobble shapes and 
shape change table shows a decrease in cobble volume and also an increase of long axes relative 
to average volume (X/(∛Vol)) and a decrease in short axes relative to cobble volume (Z/(∛Vol)) 
from sites 1 to 3. The change in the oblateness of the cobbles from one site to the next is 
calculated by finding the change in the ratios of X/Y and Y/Z. An increase in the ratio of Y/Z and 
the decrease in X/Y signify an increase in the relative oblateness of a cobble. Thus by combing 
the components of change in X/Y and Y/Z a change in the average oblateness can be found.
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Cobble Shapes and Shape Change
XAvg (cm) YAvg (cm) ZAvg (cm) Volume (cm3) ∛Volume
Site 1 31.45 14.85 8.55 3993.13 15.86
Site 2 24 10.63 5.78 1474.22 11.38
Site 3 24.4 11.4 4.55 1265.63 10.82
X/(∛Vol) Y/(∛Vol) Z/(∛Vol) X/YAvg Y/ZAvg
Site 1 1.98 0.94 0.54 2.18 1.83
Site 2 2.11 0.93 0.51 2.33 1.78
Site 3 2.26 1.05 0.42 2.199 2.78
(X/Y)i-(X/Y)f (Y/Z)i-(Y/Z)f % Change X/Y % Change Y/Z ∆ Oblateness*
Site 1-2 0.15 -0.06 6.95 -3.18 -7.17%
Site 2-3 -0.13 0.98 -5.56 55.26 43.00%
Site 1-3 0.02 0.92 1.01 50.32 34.86%
* [(% Change Y/Z)(cos(45))]-[(% Change X/Y)(cos(45))]
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